Pure Ca 1-x Eu x Ta(O,N) 3 were successfully synthesized in the whole range of Ca/Eu compositions by means of ammonia nitridation via a citrate precursor route. As-nitrided products with x < 0.4 were apparently orthorhombic, while those with x ≥ 0.4 crystallized in a cubic structure. The anionic composition was found to be essentially O 2 N and independent of Eu content (x). The as-nitrided EuTaO 2 N possessed a cubic perovskite-type structure, while high-temperature post-annealing led to a tetragonal EuTaO 2 N phase with better crystallinity. The re-nitridation transformed the post-annealed product into the original cubic lattice, which might be an average of the tetragonal micro domains.
Introduction
Oxynitrides have attracted increased attention due to their potential for various applications. In oxynitrides, two anion species, i.e. oxide and nitride anions coexist in the crystal lattice, leading to modifications in the cation-anion covalency, and thereby different electronic/optical properties from those in oxides. The more covalent nature of nitride anions than oxide anions results in smaller band gaps. Thus some oxynitrides are strongly colored and active to visible lights. Such unique properties make these materials promising candidates for photocatalysts for water splitting [1] , nontoxic color pigments [2] , and so on.
It has been known that oxynitrides also show intriguing structural characteristics.
Indeed, the flexibility in anionic composition and distribution renders a rich variety in the crystal structure. For instance, gallium oxynitrides were reported to form at least three different structures, depending on their synthesis routes. A gallium oxynitride prepared by ammonolysis of amorphous oxide precursors crystallizes in a gallium-deficient wurzite-type structure (Ga 0.89 0.11 )(N 0.66 O 0.34 ) [3, 4] , whereas that obtained from a ternary oxide NiGa 2 O 4 forms a peculiar structure that is isomorphous to the carborundum II (B6-type or 6H-SiC) [5] . In addition, the Ga 3 O 3 N phase with a spinel structure was recently synthesized using an ultra high-pressure technique [6] .
Another example concerns rare-earth tantalum oxynitrides R-Ta- (O,N) . A comparative study on this class of materials revealed profound effects of the chemical composition on the crystal structure [7] [8] [9] . It was found that tantalum oxynitrides with larger rare-earths (R = Nd → Gd) crystallize in a pyrochlore-type structure R 2 Ta 2 O 5 N 2 , while a defect fluorite-type structure RTa(O,N, ) 4 is stabilized for smaller rare-earths (R = Ho, Er, Yb, and Y) [7, 8] . Interestingly, pyrochlore-type R 2 Ta 2 O 5 N 2 (R = Nd, Sm, and Gd) is transformed into perovskite-type RTa(O,N) 3 , when the sample is heavily nitrided by prolonged reaction duration [8] . These results clearly indicate that not only the cation size but also anionic composition play significant roles in determining the crystal structure. Nevertheless, the interplay between composition and structure has not been established for many oxynitride systems.
Transition-metal oxynitrides with a perovskite-type structure have been extensively investigated. Among them, alkali-earth-based tantalum oxynitrides were recently highlighted due to their unusual dielectric properties. Kim et al. reported [10] that BaTaO 2 N and SrTaO 2 N exhibit bulk permittivity (κ) as large as 3,000 -5,000 with moderate temperature coefficients. Importantly, the dielectric properties are strongly dependent on the kinds of alkali-earth elements: the bulk permittivity for CaTaO 2 N is much smaller (κ ≈ 30) than those for the Ba-and Sr-analogues [10] . BaTaO 2 N [11] and CaTaO 2 N [12] possess different crystallographic symmetries, i.e. the former and the latter crystallize in cubic Pm-3m and orthorhombic Pnma, respectively. Thus, it was argued that the dielectric properties seem to be related to the crystal structure. For SrTaO 2 N, on the other hand, the situation is rather complicated. In previous reports, the crystal structure of SrTaO 2 N was refined based on three different space group, i.e. either tetragonal I4-2m, I4/mcm, or cubic Pm-3m [10, [12] [13] [14] [15] . These reports also reached discrepant conclusions in terms of preferential site occupation for O/N anions. The discrepancies imply that the crystal structure of SrTaO 2 N may depend on the synthesis condition. It has not been well understood what material parameters are predominant for determining the crystal structure of perovskite tantalum oxynitrides.
To address the issue on crystal chemistry of the perovskite oxynitrides, we focused on the europium tantalum oxynitride, EuTa(O,N) 3 . This compound can be a structural reference for SrTaO 2 N, since the ionic radius of Eu 2+ (0.135 nm, C.N. = 10) is close to that of Sr 2+ (0.136 nm, C.N. = 10; 0.144 nm, C.N. = 12) [16] . The preparation of EuTa(O,N) 3 was previously examined by Marchand et al [17] . They suggested that this compound possesses a cubic structure with the lattice parameter a = 0.4022 nm, but details in the structure and anion composition were not reported. Note that europium has two stable valence states, i.e. Eu 2+ and Eu 3+ , such that oxygen/nitrogen contents may be varied in EuTa(O,N) 3 . In fact, a recent study by Jorge et al. revealed [18] that the compound tends to be nitrogen rich with respect to the "O 2 N" composition. Such anionic nonstoichiometry is important, since the defect chemistries are suggested to play significant roles in the physical properties of europium-based oxynitride perovskites EuMO 2 N (M = Nb and Ta) [18] . They also reported that EuTa(O,N) 3 shows a slight tetragonal distortion. Nevertheless, it has remained unclear whether the anionic composition would have an impact on the crystal symmetry.
In the present study, the structure and anionic composition of EuTa(O,N) 3 were investigated. First we synthesized and characterized a series of the Ca 1-x Eu x Ta(O,N) 3 system in order to clarify how the properties are influenced upon substituting Eu for Ca 2+ (0.123 nm, C.N. = 10; 0.134 nm, C.N. = 12). Then, we attempted high-temperature post-annealing on EuTa(O,N) 3 in order to improve the crystallinity by controlling the structure and anionic composition. to promote polymerization. Then the gelatinous product was prefired in air at 350°C for 1 hour, resulting in a brown solid residue. This solid was ground and placed in an alumina boat. The nitridation reaction was carried out at 1000°C for 15 hours in flowing ammonia (50 mL min -1 ). After the ammonia nitridation, the sample was slowly cooled to room temperature under the same ammonia flow rate. For EuTa(O,N) 3 , the as-nitrided powder was pelletized and then post-annealed at 1200°C for 15 hours in a quartz ampule evacuated to ~10 -1 Pa, followed by furnace cooling to room temperature.
Experimental
As-nitrided and post-annealed products were characterized by means of X-ray powder diffraction (XRD; Rigaku Ultima IV; CuKα radiation). The data were collected over the angular range of 10 -120° with a step size of 0.02° and counting times of 1.0 -2.0 sec per step. The crystal structure of the samples was refined using the Rietveld method with RIETAN2000 software [19] . The anionic composition was determined using an oxygen/nitrogen analyzer (Horiba EMGA-620W) from three parallel analyses.
X-ray absorption of Eu L III -and Ta L III -edges was measured in transmission mode at the beam line 9C in Photon Factory, High Energy Accelerator Research Organization, Tsukuba. A small amount of the sample powder was sandwiched between Scotch tapes. Lattice parameters were calculated for all the as-nitrided products assuming orthorhombic space group Pnma. In Fig. 2 , the a-, b-, and c-axis lengths are plotted as a function of Eu content (x). With increasing x, all the lengths systematically expand, while the difference in the aand c-axis lengths decreases. It appears that the slope of each plot abruptly changes at x > 0.4, suggesting that a structural transition takes place at x ≈ 0.4. The crystal structure was refined for the samples with x = 0.4 -1.0 assuming cubic space group Pm-3m. The refinements were successful yielding reasonably low R-values. The cubic reduced lattice parameter a c linearly increases with increasing the Eu content, as shown in the inset of Fig. 2 . From these results, the Eu-for-Ca substitution in CaTa(O,N) 3 was assumed to induce an orthorhombic-to-cubic transition at x ≈ 0.4. Our as-nitrided EuTa(O,N) 3 product showed no apparent tetragonal distortions in the XRD pattern, contrary to the previous report by Jorge et al. [18] . The discrepancy in the crystal lattice may arise from different anionic compositions.
Oxygen and nitrogen contents of the as-nitrided products are summarized in Table   1 . The data indicate that the anionic composition seems to be essentially "O 2 N" for all the Ca/Eu compositions within the errors in this analysis. To reveal the valence states of Eu and Ta, X-ray absorption spectra were measured. The Eu L III -edge XANES spectra consist of two peaks in all the Eu-containing products, as shown in Fig. 3 . Since the low-energy (E ≈ 6970 eV) and high-energy (E ≈ 6980 eV) peaks are similar to those for EuCl 2 and Eu 2 O 3 , the former and the latter are accordingly attributed to the 2p 3/2 → 5d transition of Eu 2+ and Eu 3+ , respectively, as in a previous literature [21] . Therefore, europium ions are in mixed valent between +2 and +3. The Eu 3+ peak is large in x = 0.2 because its ionic size is small enough to occupy the Ca 2+ site, while its intensity systematically decreases with increasing x. In x = 1.0 (EuTaO 2 N), europium is mainly divalent with a small amount of trivalent species.
The Eu 2+ /Eu 3+ coexistence is easily explained if the Eu-containing products are assumed to be slightly off-stoichiometric with N-rich compositions. The presence of excess nitride anions in EuTaO 2 N was indeed reported in Ref. [18] . Another possible explanation is that tantalum is also mixed-valent between Ta 4+ and Ta 5+ so as to compensate extra positive charges of europium. The presence of tetravalent Ta is suggested by the result of electrical resistivity (ρ) measurements. The CaTaO 2 N phase is insulating with the ρ value of 3 × 10 6 Ω cm at room temperature, in good agreement with that previously reported [10] . For EuTaO 2 N, on the other hand, the ρ value is ≈80 Ω cm, being five orders of magnitude smaller than that of CaTaO 2 N. This is consistent with the fact that the color of EuTaO 2 N is significantly darkened as compared to CaTaO 2 N which is yellow green in color. The darkened sample color due to mixed-valent Ta was also reported for a dysprosium tantalum oxynitride prepared by ammonia nitridation at relatively higher temperatures [8] . It was not possible to determine the Ta valence by means of XANES spectroscopy without ambiguity, because the positions of L III -edge are close to each other for Ta 4+ and Ta 5+ [22] .
The present study has revealed that as-nitrided EuTa(O,N) 3 shows the following structural features: (1) this oxynitride crystallizes in a cubic perovskite structure and (2) the anionic composition is essentially O 2 N. Nevertheless, with a careful look at the results of Rietveld refinement, the crystal structure of this compound seems to be more values. In the first model, local atomic order is assumed to exist around Ta, whereas it occurs with an extremely small correlation length, resulting in the cubic symmetry as an average structure. The possibility of local atomic order has also been suggested for BaTaO 2 N. A low-symmetry coordination geometry around Ta was indicated by EXAFS spectroscopy at the Ta L III -edge [23] and pair distribution function analysis of the total neutron scattering [24] , although the average structure as revealed by x-ray/neutron diffraction analyses is cubic Pm-3m. The second model is based on a micro-domain structure which is composed of randomly oriented regions with local symmetry lower than the average cubic. In fact, first-principles electronic-structure calculations by Wolff and Dronskowski indicated [25] that the cubic structure is energetically unfavorable for alkali-earth-based Ta/Nb oxynitride perovskites, and there is a clear preference of O/N atomic order which leads to a lowered symmetry. As discussed in the next section, this domain-structure model is more likely for the cubic EuTaO 2 N phase. Figure 4 presents an XRD pattern for the post-annealed EuTaO 2 N product. Upon high-temperature annealing, diffraction peaks are sharpened, indicating a sign of improved crystallinity. It is also seen that several peaks at higher angles are clearly split [ Fig. 4(b) ], and a tiny extra peak appears at 2θ ≈ 37° [inset of Fig. 4(a) ]. The profile of this extra peak is rather blurred, since its relative intensity is much smaller than the fundamental diffraction peaks (< 0.1%). These features are properly explained assuming a tetragonal superlattice with √2a c × √2a c × 2a c unit cell (a c denotes the lattice parameter of cubic perovskites). All the diffraction peaks are accordingly indexed based on this structural model, as shown in Fig. 4 . Among various oxide/oxynitride perovskites, only two symmetries, i.e. P4/mbm and I4/mcm, are applicable with this tetragonal superlattice [26] . The XRD pattern evidences the extinction rule with the relation of h + k + l = 2n + 1. Thus, the body-centered I4/mcm space group is more appropriate than P4/mbm to describe the structure of the post-annealed EuTaO 2 N. Note that this space group is also assigned to the structure of SrTaO 2 N. In this perovskite structure, corner-shared Ta(O,N) 6 octahedra are rotated with respect to each other about the tetragonal c-axis.
High-temperature annealing effects for EuTaO 2 N
The XRD pattern for the post-annealed EuTaO 2 N was successfully refined with the I4/mcm space group. Results of the refinement are summarized in Tables 4 and 5 Selected-area ED patterns were collected for the as-nitrided and post-annealed EuTaO 2 N to gain additional insight into this structural modification. Figure 5 (Fig. 4) . The [101] c zone ED pattern for the as-nitrided product is shown in Fig. 5(b) . Importantly, this ED pattern also displays similar extra spots which cannot be indexed on the primitive cubic unit cell. This implies that the local symmetry in the as-nitrided EuTaO 2 N does not agree with the average cubic symmetry as revealed by the XRD analysis.
The post-annealed EuTaO 2 N was fired again at 1000°C for 15 hours in flowing ammonia (50 mL min -1 ). That is, the sample was "re-nitrided" with the same condition as the initial nitridation. As shown in Fig. 6 , the re-nitrided product shows lowered crystallinity with no indication of tetragonal distortions, and its diffraction pattern is essentially identical to that of the as-nitrided product. The cubic lattice parameter was refined to be a c = 0.4020 nm, which is comparable to that of the as-nitrided product. The fact that the crystallinity is deteriorated upon low-temperature re-nitridation is hard to be explained by simple annealing effects, suggesting that the re-nitridation process is likely to involve variations in the chemical composition.
In fact, small differences in the oxygen and nitrogen contents were detected among the as-nitrided, post-annealed, and re-nitrided EuTaO 2 N, although the anionic composition seems to be essentially O 2 N in all the three products, as given in Table 6 .
The oxygen and nitrogen contents slightly increases (1.9 → 1.9 ~ 2.0) and decreases (1.0 → 0.8 ~ 0.9) in the post-annealed product, respectively, while they decreases (1.9 ~ 2.0 → 1.8) and increases (0.8 ~ 0.9 → 1.1) upon re-nitridation. During the post-annealing process, a part of nitride anions in the EuTaO 2 N phase was substituted by oxide anions from residual oxygen gas inside the quartz ampule. It is also suggested that the opposite substitution of O 2to N 3takes place during the re-nitridation process.
Taking into account the experimental fact that the post-annealed product exhibits the highest crystallinity, it would be reasonable to assume that the stoichiometric O 2 N composition is realized in this product, while both the as-nitrided and re-nitrided products are slightly off-stoichiometric with N-rich "O 2-δ N 1+δ " compositions. Our structural analysis has revealed that Ta(O,N) 6 octahedra in the tetragonal EuTaO 2 N phase are slightly elongated along the c-axis (see Table 4 ). The longer Ta to the instability of long-range tetragonal order. We believe that the as-nitrided and re-nitrided products form a domain structure in nano or micron size with short-range tetragonal order. As a consequence, these products possess the cubic symmetry as an average structure, whereas a well-defined tetragonal order could exist in each domain, as evidenced by the selected-area ED analysis. [30, 31] . In the latter case, neutron diffraction revealed cubic symmetry but electron diffraction showed the presence of a micro-domain structure which is composed of randomly oriented regions with local symmetry lower than the average cubic. The Rietveld refinement resulted in large displacement parameters for the oxygen atoms, indicating that on average the oxygen atoms are displayed away from the ideal position in the cubic perovskite structure [30] . This feature is indeed similar to what was observed for the as-nitrided EuTaO 2 N. Our compositional analysis suggested that approximately one excess nitrogen atom substitutes oxygen in every ten formula units of the cubic EuTaO 2 N phase. Assuming that such an excess nitrogen atom always disturbs the long-range tetragonal order, the domain structure should be very fine, i.e.
the domain size being as small as ~1 nm in diameter.
The recent study by Jorge et al. [18] highlighted notable magneto-responses in the niobium oxynitride perovskite EuNbO 2 N that is isostructural to EuTaO 2 N. This niobium oxynitride showed colossal (>99%) magnetoresistances and an apparent giant (20%) magnetocapacitance at low temperatures. The latter response was assumed to be microstructural effects, rather than an intrinsic multiferroism. The microstructure observed in the present study for EuTaO 2 N may be related to that of EuNbO 2 N.
Conclusions
The perovskite-type tantalum oxynitrides Ca 1-x Eu x Ta(O,N) 3 (0 ≤ x ≤ 1) were synthesized, and their crystal structure and anionic composition were investigated.
As-nitrided products with x < 0.4 were apparently orthorhombic, while those with x ≥ 0.4 were assumed to crystallize in a cubic structure. The anionic composition was found to be essentially "O 2 N" and independent of Eu content (x). High-temperature post-annealing of the as-nitrided EuTaO 2 N led to a tetragonal phase with better crystallinity. The selected-area electron diffraction analysis evidenced that the as-nitrided EuTaO 2 N possessed local symmetry lower than the average cubic crystal lattice. The compositional analysis suggested that the as-nitrided product is slightly off-stoichiometric with an N-rich "O 2-δ N 1+δ " composition which might lead to the instability of long-range tetragonal order. from the Global COE Program (Project No. B01: "Catalysis as the Basis for Innovation in Materials Science") from the Ministry of Education, Culture, Sports, Science and Technology, Japan. *The cationic composition was assumed to be the same as that of the starting mixture. 
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